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Abstract 
A commercial hot-extruded AZ80Mg alloy was multi-directionally forged at room temperature. In the multi-directional forging 
method, the samples were forged with changing forging direction 90 degrees pass-by-pass. Although AZ80Mg alloy was one of 
brittle materials, severe plastic deformation by multi-directional forging was successively carried out even at room temperature 
by employing a small pass true strain of ǻİ = 0.1. The coarse initial grains of about 20 ȝm were gradually subdivided to 
ultrafine ones by multiple mechanical twinning pass-by-pass of multi-directional forging. Ultrafine grained structure with an 
average grain size of 0.3 ȝm was uniformly evolved at the cumulative strain of ǻİ= 2.0. The multi-directionally forged Mg 
alloy up to ǻİ= 2.0 exhibited marvelous mechanical properties of 530 MPa in yield stress and 650 MPa in ultimate tensile 
strength with 9% plastic strain to fracture. The relatively large ductility even after large plastic deformation by multi-directional 
forging could be reasonably understood by grain orientation randomization due to multiple twinning and suppression of sharp 
basal texture evolution. 
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1. Introduction  
Improvement of the properties of Mg alloys is highly desirable for the application as light-weight structural 
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materials. Especially, strengthening is the most important factor. Even while numerous numbers of approaches are 
being carried out, effective strengthening appears quite difficult. This should be because of the intrinsic brittle 
nature of Mg and Mg alloys. Forging at room temperature to employ strain hardening is, therefore, quite difficult. 
This is because of evolution of the sharp basal texture evolution (Tong et al., 2011). Although alloying by rare 
earth addition is one of the most noticeable methods for strengthening (Kawamura and Yamasaki, 2007), it 
possesses some fatal problems of spoiled ductility, unstable supply of rare earth elements and high cost.  
Microstructural control, especially by grain refinement, is also one of the most effective methods for 
strengthening. Grain refinement can drastically raise strength in addition to ductility (Lapovok et al., 2005; Miura 
et al., 2011). In this method, thermo-mechanical processing is normally employed because of poor plastic 
deformability at ambient temperature. The achieved grain size and strength are limited. Recently, Miura et al. have 
developed combined process of severe plastic deformation and conventional thermo-mechanical process, i.e., 
multi-directional forging under decreasing temperature condition process, and have shown that ultra fine grained 
(UFGed) AZ61Mg alloy exhibits superior balance of strength and ductility; ultimate tensile strength (UTS) of 550 
MPa and ductility of 10% (Miura et al., 2011). Their group further modified this process to be able to carry out at 
room temperature, i.e., room-temperature multi-directional forging (Miura et al., 2013). Employment of small pass 
strains of ǻİ = 0.1 with changing forging direction 90 degrees pass by pass enables severe plastic deformation of 
Mg alloys at room temperature and notably increased the mechanical properties of AZ61Mg alloy up to 500 MPa 
yield stress, 540 MPa UTS with 4% ductility. Such superior balances of the mechanical properties were achieved 
by ultra grain refinement, strain hardening and suppression of sharp basal texture evolution. Mechanical twinning 
effectively contributed to the microstructural and texture evolution. 
In the present study, changes of microstructure and mechanical properties of a commercial AZ80Mg alloy 
during room-temperature multi-directional forging are precisely studied. The higher content of Al would contribute 
to easier grain refinement by more frequent occurrence of mechanical twinning due to lowered stacking fault 
energy (Higashi, 2009). The frequent occurrence of twinning should contribute not only to grain refinement but 
also to suppression of sharp textural evolution. The higher density of “hard” ȕ phase particles distributed in 
AZ80Mg alloy must emphasize the effect of strain hardening. 
2. Experimental procedure  
Hot-extruded AZ80Mg alloy with an initial grain size of about 20 ȝm was discharged wire cut to rectangular 
shaped samples with dimensions of 22.2 x 21.2 x 20 mm3. The sample size aspect ratio of 1.11 × 1.10 × 1.00 
employed is due to the pass true strain of ǻİ = 0.1. Such small pass strain drastically suppresses sharp basal texture 
evolution to enable multi-directional forging to high cumulative strain region at room temperature (Miura et al., 
2013). Multi-directional forging at room temperature was carried out on an Instron-type mechanical testing 
machine at an initial strain rate of 3 × 10-3 s-1 using a lubricant up to cumulative strain of ǻİ= 2.0, i.e., ǻİ= 0.1 × 
20 passes. The first forging axis was parallel to the hot-extruded axis. The procedure of multi-directional forging is 
schematically drawn in Fig. 1. The forging axis during multi-directional forging was changed by 90 degrees pass 
by pass of forging. Because the sample size and the aspect ratio are constant after each forging pass, the applicable 
strain by MDFing is theoretically unlimited when the sample is not fractured.  
Fig. 1. Schematic illustration of the multi-directional forging. The bold black arrows and V indicate the forging axes and stress. 
536   Hiromi Miura et al. /  Procedia Engineering  81 ( 2014 )  534 – 539 
The microstructure evolved was observed on the plane perpendicular to the previous forging axis by means of 
optical microscopy, transmission electron microscopy and orientation imaging microscopy. Tensile samples, where 
the gage size of 2.5 x 5 x 0.7 mm3, were discharge machined so that the tensile direction became perpendicular to 
the final forging axis. Tensile tests were carried out at room temperature at an initial strain rate of 1.0 x 10-3 s-1. 
Micro Vickers hardness test was carried out in some samples. Young’s modulus was measured by using gauge 
stacked on the samples.  
3. Results and discussion  
Fig. 2 shows the change of the forging stress during multi-directional forging as a function of cumulative strain. 
Multi-directional forging was successfully carried out at room temperature without any cracking up to cumulative 
strain of ǻİ= 2.0, i.e., 20 passes. The rather low forging stress at low cumulative strain region (ǻİ 0.5), 
rapidly increased at medium cumulative strain region (0.5  ǻİ 1.5), and looks saturated at high cumulative 
strain region (1.5 ǻİ). It is interesting to note that the forging stress oscillates at each three passes. This should 
be the effect of texture included in the multi-directionally forged sample. The rather large difference of the forging 
stress at low and medium strain regions becomes relatively smaller at high strain region. What the most important 
in Fig. 2 is that quite high forging stress over 400 MPa could be applied to AZ80Mg alloy. This value of the 
applied stress is much more than the compressive fracture stress of the AZ80Mg alloys. Such quite high flow stress 
over the critical resolved shear stress of contraction (compression) mechanical twin and non-basal slip systems 
causes the active works during multi-directional forging. This effect will be discussed in detail later. By the multi-
directional forging up to ǻİ= 2.0, the hardness was drastically raised from 730 MPa to 1.3 GPa. It is evident that, 
therefore, large strain hardening effectively took place during multi-directional forging to induce such high 
hardness comparable with those of a conventional 7075 Al and the rare-earth added Mg alloys  (Kawamura and 
Yamasaki, 2007). 
Microstructural changes during multi-directional forging were observed. Figure 3 shows optical micrographs of 
before and after multi-directional forging to ǻİ = 0.6. While macroscopically almost no difference can be 
observed even after large deformation to ǻİ = 0.6, dense evolution of parallel straight lines in the grain interiors 
can be seen in Fig. 3 (b). The orientations of the lines in the grain interior are different depending on each grain.  
The microstructure was investigated using transmission electron microscopy and the typical photographs are 
exhibited in Fig. 4. It is obvious that the coarse initial grains are subdivided by elongated bands (Fig. 4 (a)). The 
bands are those of mechanical twins. {1 0 -1 2} tensile and {1 0 -1 1} contraction twins cold be frequently 
identified. The coarse initial twins were further fragmented by the higher order twins to form UFGs (Miura et al, 
Fig. 2. Change in the forging stress at each pass with increasing cumulative strain during room-temperature multi-directional forging 
with a pass strain of ǻİ . 
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2013). The average grain size achieved by multi-directional forging to ǻİ = 2.0 was approximately 0.3 ȝm. 
Homogeneous UFGed structure, therefore, could be successfully developed by room-temperature multi-directional 
forging of hard deformable Mg alloys. 
The quite high flow stress over 400 MPa was applied during multi-directional forging with changing the 
forging direction by 90 degrees pass by pass as explained in Figs. 1 and 2. Although mechanical twinning is 
difficult when grain size is finer than 5 ȝm (Barnett et al. 2004), ultrafine twins were high densely and 
homogeneously developed to form UFGs by multi-directional forging (Fig. 4 (b)). This is due to the quite high 
forging stress applied and the change in the forging direction during multi-directional forging. Especially, the latter 
contributed to the evolution of various variants of mechanical twins because of changes in the shear factor of the 
twinning planes. It is reported that the critical resolved shear stresses for the {1 0 -1 1} contraction and {1 0 -1 2} 
tensile twins are 112 MPa and 2 MPa (Wonsiewicz and Backofen, 1967), respectively. The value of the critical 
resolved shear stresses for the {1 0 -1 1} contraction twin is comparable to the compressive fracture stress of Mg 
alloys. The multi-directional forging employing a small pass strain allowed such high flow stress over 400 MPa to 
induce dense formation of contraction twins as well as tensile ones in all the grains (Miura et al., 2013). 
Furthermore, the applied high flow stress also allowed the activation of multiple slip systems including non-basal 
slips to cause large work hardening.  
The texture evolved during multi-directional forging was examined by orientation imaging microscopy and the 
summarized results are exhibited in Fig. 5. The maximum intensity was related with the basal texture in all the 
samples. The intensity gradually decreased with increasing cumulative strain. That is, the evolution of basal texture 
was suppressed and gradually weakened during multi-directional forging. When uni-directionally forged to a strain 
of 0.14, the value of maximum intensity was about 16 and then fractured. Therefore, it is evident that the large 
plastic deformability by multi-directional forging was induced by grain fragmentation and the change of the 
(a) (b) 
Fig. 3. Optical micrographs of the AZ80Mg alloy (a) before and (b) after multi-directional forging to 6'H = 0.6. 
Fig. 4. Transmission electron micrographs of the AZ80Mg alloy multi-directionally forged to cumulative stains of (a) ǻİ = 0.2 and (b) 
ǻİ = 2.0. F.A. is the forging axis. 
(a) (b) 
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forging direction during multi-directional forging to reduce texture intensity at high strain region. Miura et al. have 
reported similar tendency that basal textural evolution was suppressed or weakened during multi-directional 
forging in AZ61Mg alloy (Miura et al., 2013). They explained the mechanisms of the grain orientation 
randomization during MDFing by i) the crystal rotation to cause sharp basal texture was suppressed by employed 
small pass strain of 10 % and ii) dense formation of mechanical twinning effectively destroyed initial texture. In 
the present study, it is assumed that completely same mechanisms worked to reduce the basal texture evolution and, 
therefore, severe plastic deformation at room temperature of the brittle AZ80Mg alloy could be carried out.  
The multi-directionally forged samples were tensile tested and the true stress vs. nominal strain curves are 
shown in Fig. 6. The yield stress 100 MPa and the UTS 370 MPa of the hot extrude sample was drastically raised 
to 430 MPa and 560 MPa respectively by multi-directional forging to ǻİ = 1.0, i.e., 10 passes. Finally by multi-
directional forging up to ǻİ = 2.0, extraordinary high yield stress and UTS of 530 MPa and 650 MPa respectively 
were attained. It is also remarkable to see that the plastic strain to fracture about 10 % is still retained even after 
severe plastic deformation independent of the multi-directional forging cumulative strain. Therefore, ductility was 
not spoiled even while outstanding strengths were achieved.  
When Mg alloys are deformed in compression, the rapid evolution of basal texture on the plane normal to the 
loading direction spoiled the ductility to induce fracture. It is because that slip systems activated in Mg alloys at 
Fig. 5. Change in the maximum intensity of the texture developed in AZ80Mg alloy during multi-directional forging. 
Fig. 6. True stress vs. true strain curves obtained by tensile tests of the multi directionally forged AZ80Mg alloy. 
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room temperature are normally those of basal plane only, and therefore, plastic deformation becomes quite difficult. 
However, by the grain orientation randomization due to multi-directional forging, ductility could be still retained. 
UFGed Mg alloys is known to exhibit large ductility at room temperature. This is because of the effect of room 
temperature grain boundary sliding (Miura et al., 2011). Multi-directionally forged AZ80Mg alloy is composed of 
ultrafine grains, 0.3 ȝm in average. The room temperature grain boundary sliding might also affect the large 
ductility retained.   
Miura et al. (2013) have reported that multi-directionally forged AZ61Mg alloy possessed 540MPa UTS with 
4% plastic strain to fracture. Kawamura et al. have reported the mechanical properties of the rare-earth added Mg 
alloys to be 400 MPa UTS and 5% ductility (Kawamura and Yamasaki, 2007). The multi-directionally forged 
AZ80Mg alloy, however, exhibited much higher strength and ductility. This should be due to the effects of more 
dense formations of mechanical twins and ȕ phase precipitates. 
4. Summary 
Hot extruded AZ80Mg alloy was multi directionally forged at room temperature employing a small pass true 
strain ofǻİ = 0.1. Multi-directional forging was successively carried out without any cracking to cumulative strain 
of ǻİ = 2.0. This was enabled by suppression of basal texture evolution by a small pass strain employed and 
grain orientation randomization due to dense mechanical twinning. The coarse initial grains were subdivided by 
multiple twinning. The grain size decreased gradually pass by pass of multi-directional forging. Ultrafine grained 
structure with an average grain size of approximately 0.3 ȝm could be achieved at ǻİ= 2.0. The ultrafine grained 
AZ80 Mg alloy possess excellent balance of mechanical properties; 530 MPa yield stress, 650 MPa ultimate tensile 
strength and 9% plastic strain to fracture. The notably high strengths were caused by homogeneous UFGed 
structure and large strain hardening. Suppression of sharp basal texture evolution and grain orientation 
randomization derived by multiple mechanical twinning enabled multi-directional forging at room temperature of 
the brittle AZ80Mg alloy and contributed also to the superior ductility after multi-directional forging. 
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